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THE RAINY CREEK ALKALINE-ULTRAMATFIC IGNEQUS
COMPLEX NEAR LIBBY, MONTANA

I: ULTRAMATIC ROCKS AND FENITE"
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ABSTRACT

The Rainy Creek complex represents a composite of successive intrusions of igneous rocks emplaced into
the Precambrian Belt Series, probably in middle Cretaceous time. The succession began with the emplace-
ment of a body of coarse-grained biotite pyroxenite with a core of coarse-grained biotitite, which is con-
sidered to have formed from the accumulation of alkalies and volatiles near the roof of the pyroxenite pluton.
Nodules in the biotitite appear to be xenoliths of altered ultramafic rock. Following tlliis igneous phase,
magnetite pyroxenite intruded a zone of weakness between the biotite pyroxenite and the Belt Series, form-
ing a ring dike surrounding the inner pyroxenite body. All of the ultramafic rocks are considered to be prod-
ncts of fractional crystallization of a common parent magma. Available mineralogic and experimental data
suggest that the biotitite and biotite pyrozenite were emplaced under high pr,o and fo,-T conditions. Fen-
itizing ions, which probably originated in deep-seated ijolite or carbonatite, have altered part of the Belt
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INTRODUCTION
PURPOSE, SCOPE, AND METHODS

This is a geologic, petrologic, and geo-
chemical study of a body of ultramafic rocks
near Libby, Montana. Consanguineous al-
kaline rocks will be the subject of a later
paper. This zoned, composite body, known
herein as the Rainy Creek pluton, contains
a large mass of altered biotite pyroxenite
that has been the major source of commer-
cial “vermiculite” in the world. For this
reason and also because this area has yielded
minerals of unusual interest, these deposits
are world famous. Earlier investigations,
which have been brief and were hindered by

- an incompleteness of outcrop and an inac-

cessibility of most of the area, suggested a
mineralogic and structural simplicity now
knowr to be unreal. The present investiga-

.tiont, favored by the availability of time,

both in the laboratory and field, and data

' derived from many new drill holes and arti-

ficial exposures have shown that the pluton
and related bodies are very complex.

1 Manuscript received September 28, 1966.

2 Present address: Department of Geochemistry
& Mineralogy, The Pennsylvania State University,
University Park, Pennsylvania 16802.

Thus, the purpose of this report is to
document the geology, petrology, and geo-
chemistry of these rocks and to propose an
origin for them. As this complex has many
affinities with other well-known alkaline-
ultramafic centers, particularly those associ-
ated with carbonatite, the writer hopes that
this study will contribute toward further
understanding of the general problems of
the origins of such rocks.

Most of the field work was done during
the summer months of 1962 and 1964. The
writer also benefited from employment at
Rainy Creek by the Zonolite Company in
1960 and by his mapping in this general
region for the Montana Bureau of Mines
and Geology in 1961. The general geology of
the area was plotted on aerial photographs
and transferred to U.S. Forest Service plani-
metric map 815-4-2. Zonolite Division topo-
graphic and property maps and J. Neils
Lumber Company planimetric maps pro-
vided the base for the geologic map (fig. 1).
Geologic maps of the Zonolite open pit mine
{(a part of which is shown in fig. 2) and of
exploration adits, not included in this paper,
were prepared at a scale of 1:600 on base
maps surveyed by the writer with the as-
sistance of employees of the Zonolite Divi-
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IGNEOUS COMPLEX NEAR LIBBY, MONTANA

sion. The magnetic survey map (fig. 3) was
constructed from data obtained with an
Edgar Sharpe ES-180 magnetometer with a
reported accuracy of 5 .

The term “vermiculite” will be used in
this report to refer to any sheet silicate
mineral, including vermiculite and hydro-
biotite, that will exfoliate upon heating. The
term vermiculite will be used to identify

527

the mineral species as defined by Warshaw
and Roy (1961). Hydrobiotite herein re-
fers to a regular heteropolytypic 1-1 biotite-
vermiculite (see Bloss, 1966). Rock names
and textural terms follow the definitions
listed in Johannsen’s volumes or in the
A.G.I. Glossary of Geology and Relaled Sci-
ences, the latter governing where a conflict
exists. The adjective ‘‘alkaline” will be used,
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T16. 2.—Geologic map of part of the open pit mine at the Rainy Creek complex
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' ing to rocks, in the sense pro-

g::e’:i rgf;rrShind (1922). Such a?kah-nch

rocks are characterized by Al de‘ﬁaency (as

evidenced by the presence of mmera..ls such

as aegirine), by Si deficiency (as evidenced
be feldspathoids), or by both.

PREVIOUS RELATED WORK

E. S. Larsen and J. T. Pardee, who vis-
ited the district several times betvyeen 1?11
and 1927, were the principal early investiga-

A. L. BOETTCHER

tors of the Rainy Creek compl:ex. Goranson
(1927) reported on the mmer‘z}logy' o}f
aegirine collected by Larsen from “syenite

(fenite) near the north border of the pluton.
Descriptions of the general nature of the
intrusion and the petrology of some of
the rock types were published by Larsen
and Pardee in 1929 (Larsen and Pardee,
1929; Pardee and Larsen, 1929). Because
natural exposures are few an(.l large-scale
mining operations were only in the early

EXPLANATION

Sy = Syeniles

MPy = Mognetic pyroxenite

8io = Biotilite
8Py = Biolite pyroxenite
pE€b = Precambrian Belt Series

———— Geologic contoct

e Geomagnetic contours
{vertical intensity}

Contour intervals = 1000 gommos

Survey by,A.L. Boettcher
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I:"IG; 3.—Georhagnetic survey map of the Rainy Creek complex
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stages of development, their investigation-
was considerably restricted.

Succeeding investigations of the complex
have emphasized mineralogy or have been
of a very general nature. Gruner (1934), on
the basis of X-ray studies, first proposed the
name “hydrobiotite” for the layer silicate
found in abundance at Rainy Creek.
Kujawa (1942) reported on the genesis and
mineralogy of the “vermiculite” deposits.
A brief description of the mining operation
and general geology of the igneous complex
and surrounding country rock was provided
by Perry (1948). Bassett (1959) discussed
the geology of the deposits and performed
experimental studies of the “vermiculite.”
Beer (1960) and Johns (1960), in mapping
the regional geology of the Kootenai area of
Montana, described the rocks of the Belt
Series surrounding the Rainy Creek com-
plex. Theses submitted by the writer
(Boettcher, 1963, 1966a) served as a basis
for this paper. The results of an experi-
mental investigation of the origin of ver-
miculite and hydrobiotite at Rainy Creek
have been presented elsewhere (Boettcher,
19665).

REGIONAL DISTRIBUTION OF IGNEOUS ROCKS

The Rainy Creek pluton is the largest
alkaline-ultramafic igneous hody in the re-
gion and is probably of Cretaceous age. Two
bodies of syenite (Johns, 1959, p. 18; 1960,
p- 20-21) and one of syenite and pyroxenite
(Johns, 1939, p. 18), which also occur in
this region, may be related genetically to
the Rainy Creek pluton, but these bodies
are very small and have not been examined
in detail. With these exceptions, the Rainy
Creek complex contains the only known
bodies of ultramafic or alkaline rocks in
northwestern Montana and contiguous parts
of Canadu and Idaho. The Ice River com-
plex described by Allan (1914) is about 200
miles north of Libby. The famed Montana
potassic provinces lie east of the Rocky
Mountains and are of Tertiary age. Extend-
ing from the Alaska-Yukon border to cen-
tral British Columbia is a belt of ultramafic
complexes, but in these bodies zoning is

scarce, dunite is common, orthopyroxene
greatly predominates over clinopyroxene,
and alkaline rocks are unknown (Noble and
Taylor, 1960).

Numerous other small bodies of igneous
rocks, ranging in composition from acidic to
basic, in age from Precambrian to Lara-
mide(?), and in form from stocks to dikes
and sills, are distributed throughout the

- region. The largest of these bodies is a stock

of quartz monzonite 20-square miles in area
about 15 miles southwest of the Rainy -
Creek area (Gibson, Campbell, and Jenks,
1938; Gibson, 1948). Although the relation-
ship between these rocks is unknown, their
widespread areal distribution throughout
northwestern Montana suggests to this
writer that they are genetically unrelated
to the rocks of the Rainy Creek complex.

REGIONAL STRUCTURE AND STRATIGRAPHY

The igneous rocks of the Rainy Creek
district have intruded Precambrian sedi-
mentary rocks of the Belt Series (fig. 1). At
the surface, the intrusion is enclosed by
rocks of the upper beds of the Wallace for-
mation, which consist of about 15,000 feet
of heterogeneous argillites and dolomitic and
calcareous argillites. For descriptions of de-
tailed regional lithology and stratigraphy,
the reader is referred to the works of Gibsen
(1948), Beer (1960), and Johns (1960).

The Belt Series in the vicinity of Rainy
Creek is folded into broad north-northwest
trending synclines and’ anticlines. The plu-
ton lies along the axis of one of these asym-
metric synclines, which appears to plunge
southeast and terminate 1 mile or less from
the pluton. An alternate interpretation is
that the strata have centripetal dips, except
near the synclinal axis southeast of the com-
plex, resulting from the emplacement of the
pluton, but later modified by regional tec-
tonism. Two high-angle faults, which post-
date the folding, have been mapped near
Rainy Creek. One of them trends north-
northwest and intersects the south side of
the complex near Carney Creek. Neverthe-
less, the other syenite and pyroxenite plu-
tons mentioned in the previous section do
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not appear to be spatially related to faults
or folds; and this suggests that the Rainy
Creek complex is genetically unrelated to
fhese structural features.

GENERAL GEOLOGY OF THE
IGNEQUS COMPLEX

‘GDNI:RAL FEATURES AND STRUCTURE
t OF THE IGNEOUS BODIES

' my Creek complex consists main-
é(‘)'ncént’riéally zoned, composite
pliton, »rudely circular in plan, composed

dstly of zones of magnetite pyroxenite,
bldﬁte pyrotenlte and biotitite, arranged in
‘ mward succession. It also contains an ir-
regularly shaped syenite body, which lies

o along the southwest side of the ultramafic

: piuton and extends into the magnetite
pyroxenite and biotite pyroxenite zones. A
small outlying body of nepheline syenite
Yies about 500 feet southwest of this syenite
body. Many narrow dikes of members of
the alkaline syenite and trachyte-phonolite
clans, alkaline pegmatites, alkaline granite,
and late-stage quartz-rich veins cut all of
the earlier rocks.

Because the elevation of Fleetwood
Creek on the north side of the complex is less
than that of Carney Creek on the south, the
shape of the ultramafic body is distorted in
plan view. Contours around the pluton,
however, would be nearly circular with the
biotitite body occupying a position near the
center of the contoured body. The central
core of biotitite and the surrounding zone
of biotite pyroxenite are expressed topo-~
graphlcwlly as a resistant dome. This dome
is bounded by deep stream channels that
coincide with the outer ring of less resistant
magnetite pyroxenite. Although mostly con-

cealed by till and a dense overgrowth of
brush and trees, the contact between mag-
netite pyroxenite and rocks of the Belt
Series is generally expressed by an abrupt
increase in slope and a decrease in the densi-
ty of coniferous vegetation away from the
igneous rocks. The bodies of syenite and
nepheline syenite have no obvious topo-
graphic expression. A large open pit mine
near the center of the pluton exposes much
of the biotite pyroxenite and biotitite.

The zone of fine-grained magnetite py-
roxenite is later than and surrounds the
inner zone of pyroxenite to form an out-
ward-dipping body. This body is herein
considered to be a ring dike because the
contact with the inner pyroxenite zone is
sharp and many dikes and apophyses of
magnetite pyroxenite transect the inner
pyroxenite. Inasmuch as the borders of the
main magnetite pyroxenite body are poorly
exposed for most of their length, the atti-
tude and, therefore, the true thickness is
difficult to determine. The cross sections on
plate 1 thus show the results as determined
collectively from small isolated outcrops,
from the relationship between outcrop pat-
tern and topography, and from the data of
the magnetic survey (fig. 3). Together, these
data constitute evidence that, near the
surface, the ring dike dips about 25 degrees
outward, but extensive drilling or additional
geophysical evidence will be required to
substantiate this. The arcuate body of
biotite pyroxenite in Fleetwood Creek is
thus a window that has become exposed
after the stream eroded the overlying mag-
netite pyroxenite. If the outer contact of the
pluton were projected upward at the atti-
tude thus suggested, the roof would have

PLATE 1

A, Photomicrograph of contact between biotite pyroxenite and biotitite; strongly resorbed biotite and
optically continuous patches of microcline in diopside-—plane light.

B, Photomicrograph of magunetite pyroxenite (M-39); clinopyroxene, apatite, and magnetite—plane light,

C, Photomicrograph of magnetite pyroxenite dike (RCMD-128); magnetite in clinopyroxene, biotite,

and apatite—plane light.

D, Photomicrograph of fenite (RCF-216); euhedral schorlomite (dark) and aggregate pseudomorphs of
andradite, sphene, and magnetite after schorlomite in potash feldspar matrix—plane light.
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been less than 2,000 feet above the present
surface. Coupled with petrographic evidence
to be presented in a following section, this
suggests that the exposed igneous rocks rep-
resent the upper part of the pluton. The
contacts probably become more nearly ver-
tical with depth, in accord with a dome-
shaped configuration proposed for the outer
zone.

Because the magnetite pyroxenite every-
where forms the outer boundary of the body
of biotite pyroxenite—except where the
latter is bounded by the syenite body—and
because no other annular fracture zones or
screens of country rock occur within or im-
mediately beyond the pluton, the intrusion
of the ring dike of magnetite pyroxenite
probably did not occur along fractures
created by forceful emplacement of the
biotite pyroxenite. Rather, the magnetite
pyroxenite probably intruded a zone of
weakness belween country rock and pyrox-
enite core following movement of the latter
and created a ring dike. The effects of such
movement may not have extended to the
surface and have given rise to volcanic
activity, but explosive volcanism has oc-
curred at many similar alkaline centers,
probably the result of the high wvolatile
content of these magmas. Such activity at
Rainy Creek would have been removed by
erosion, but the trachyte and phonolite
dikes indicate at least shallow, if not ex-
trusive, igneous activity.

Alternate interpretations of the origin of
the configuration of the zones of ultramafic
rocks include differentiation in place. How-
ever, if crystallization proceeded inward,
beginning with magnetite pyroxenite, it
would be difficult to explain the dikes and
apophyses of magnetite pyroxenite that

transect the biotite pyroxenite. In addition,
the pyroxenes in the magnetite pyroxenite
are more [e-rich than those in the biotite
pyroxenite, which suggests that they crys-
tallized later. If crystallization proceeded
outward, it is unlikely that such a large
reduction in grain size would accompany
the transition from biotite pyroxenite lo
magnetite pyroxenite.

AGE OF THE IGNEOQUS ROCKS

Tield relationships indicate only that the
igneous rocks cut strata of the Wallace for-
mation and are covered by Pleistocene Lill.
Radiogenic dating by the Sr-Rb method on
fresh biotite (sample RCB-12) from the
biotitite core yielded an age of 94 m.y.
(S.-8. Goldich, personal communication,
1965). Inasmuch as the sample consisted
entirely of biotite, internal readjustment of
Sr and Rb should have been slight, and this
determination, therefore, has the advantage
of a whole-rock analysis.

The age of the complex was previously
inferred to be Laramide (Perry, 1948; Beer,
1960; Johns, 1960) as have most igneous
rocks of unknown age in western Montana.
According to the revised time scale of
Holmes (1960), an age of 94 m.y. would be
lower Upper Cretaceous. However, Lara-
mide age is defined by Xardley (1962, p.
295) as Montana time (upper Upper Cre-
taceous) through Eocene time, and by
Gilluly (1963, p. 150) as beginning in
Montana during Turonian time (middlc
Upper Cretaceous). The Rainy Creek com-
plex thus appears to be pre-Laramide in
age, in accord with the observation that
alkaline magmatism is indigenous to epciro-
genic continental environments (Bailey,
1964).

PLATE 2

A, Apatite-rich pyroxenite mass (center, V-shaped) cutting lighter colored biotite pyroxenite—white,

disseminated spots are apatite,

B, Dikes of magnetite pyroxenite and syenite cutting coarse-grained biotite pyroxenile. The head of the
rock pick rests on biotite pyroxenite; the handle rests on magnetite pyroxenite. Note dark, vertical magnetite

sezregations near center hetween syenite dikes.
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UL’IRAMAFIC ROCKS

BIOTITI:. PYROXENITE

Observed in plan 18 per cent of the
Rainy Creek complex is biotite pyroxenite.
It forms a circular body almost completely
enclosed by magnetite pyroxenite. The ab-
sence of cross-cutting relationships between
the pyroxenite and biotite core suggests
that they are contemporaneous, but all of
the other igneous rocks in the complex,
except for those in the outlying body of
nepheline syenite, transect these two bodies.
Therefore, the inner body of pyroxenite and
the biotitite body appear to be the oldest
exposed intrusive rocks within the district.
As this pyroxenite contains all of the eco-
nomic “vermiculite” deposits, it is well
exposed by the mining operations.

Clinopyroxene and “vermiculite’” consti-
tute nearly all of this rock, but the two are
present in all proportions, and apaute is a
cormmon accessory. Unaltered biotite is ir-
regularly distributed in small areas within
the pyroxenite. Although a wide range in
the proportions of “vermiculite” and py-
roxene occur from place to place, mining
records indicate an average ‘“vermiculite”
content of about 30 weight per cent. In grain
size, this pyroxenite ranges from less than
1 cm. to about 1 m., but most of the grains
are 4 cm. or more in maximum dimension.
Although no regular zoning, either laterally
or vertically, has been noted, the largest
crystals of pyroxene occur adjacent to the
biotitite core. Contrary to the statement of
Bassett (1959, p. 285), most of the pyroxene
and “vermiculite” show no obvious pre-

" ferred orientation.

On the basis of experimental work and

'

i * chemical analyses, the writer (Boettcher,
"1966b) concludes that both the vermiculite

:and hydroblotxte which constitute the
“venmcuhte” in this pyroxenite, have
formed from biotite, the former being a

: EWeaﬂ'nermztg; product, the latter a product
HEL Lt hiydrothermal alteration. No reaction re-

atiohship has been observed between the

5%

: ;otlf:t; n'd pyroxene and they appear to be

i ‘l',lC pair. As noted in the following
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section, however, biotite shows pronounced
resorption near the contact with the biotitite
core. .

Some of the “vermiculite” and biotite
are concentrated in tabular to irregularly
shaped pyroxene-bearing bodies that tran-
sect the normal pyroxenite. No evidence of
replacement of the surrounding pyroxenite
was noted, and these bodies are considered
to result from late surges of wolatile-rich
magma. In many of these bodies, the
“vermiculite” or biotite shows a strong pre-
ferred orientation with the basal faces
parallel to the walls.

The apatite occurs as pale-green prisms
averaging 1-2 an. long, but it attains
lengths of 10 cm. in some of the coarser-
grained varieties. Apatite is the earliest
mineral to crystallize throughout this py-
roxenite body and is poikilitically enclosed
in the pyroxene grains and in the books of
biotite and “vermiculite.” The apatite is
irregularly distributed, but it occurs mostly
with “vermiculite’” and is a very minor
constituent of the “vermiculite”-barren
pyroxenite. The association of apatite and
“yermiculite” or biotite has been reported
in other bodies of biotite pyroxenite, for
example, the Loolekop, Transvaal complex
(Gevers, 1948, p. 148) and the Shawa,
Rhodesia complex (Johnson, 1961, p. 131).
At Rainy Creek, apatite locally forms as
much as 20 per cent of the pyroxenite, but
the average value is estimated as 2 per cent.
High concentrations of apatite occur in
many of the late “vermiculite”-rich bodies
(pl. 2,4).

Minerals other than pyroxene, “vermicu-
lite,” biotite, and apatite are scarce in this
pyroxenite, but incipient tremolitization of
the pyroxene is widespread throughout this
rock and appears to be deuteric and earlier
than tremolitization that is related to the
emplacement of the later dikes and veins.
Minor amounts of sphene have been ob-
served in some samples, and a few micro-
scopic grains of carbonate and zircon were
detected in the panned concentrate of a 2-1b.
sample of the pyroxene. Feldspar is present
in some of the apatite-rich rock and occurs

IGNEOUS COMPLEX NEAR LIBBY, MONTANA "5

as crystals as much as 3 cn. in diameter,
which poikilitically enclose euhedral crys-
tals of the pyroxene. Most of the feldspar is
plagioclase with a composition of Abgs de-
termined by the method of Schairer, Smith,
and Chayes (1956), but some microcline is
also present. An analogous occurrence is
reported at Loolekop (Gevers, 1948, p. 147)
where isolated feldspar crystals occur within

the unaltered biotite in this pyroxenite ¢
the same as those for the biotite in t
biotitite (see table 4). The apatite is fluc
apatite as indicated by 1, = 1.642 and #,
1.639 (Deer, Howie, and Zussman, 1962,
331). The pyroxene is mostly emerald-gre
chrome diopside. A chemical analysis a:
the optical properties of a representati
specimen collected about 110 feet due ez

TABLE 1

CHEMICAL ANALYSIS,*

NORM, AND MODE OF

BIOTITE PYROXENITE (RCPy-64)

Analysis C.I.P.W. Norm#t

Mode (Weight Per Cent)}

1.05

99.93 ...

1.65 Apatite
6.85 Diopside
“Vermiculite”

* Analyst: C. O. Ingamells.

t Norm was calculated after subtracting 20+ and H10 — and recalculating total to 99.93.

1 Obtained by weighing constituent minerals.
§ Spectrometric analyses by N. H. Suhr.

|l Differentiation index.

# Crystallization index.

“marked concentrations of apatite and
vermiculite” in the pyroxenite. Within the
open pit mine, about 600 feet southeast of
the east end of the biotite body, is a small
area in which the pyroxenite contains
abundant calcite and dolomite in addition
to feldspar.

A chemical analysis, norm, and mode of
a sample considered to be representative of
most of the altered biotite pyroxenite are
listed in table 1. The optical properties of

of the biotitite body appear in table 2. T
ratios of lons were calculated according
the procedure of Hess (1949).

The composition of the pyroxenes diffe
slightly from place to place within t
biotite pyroxenite, and these changes a
reflected in the color—darker green inc
cating more Te than is contained in t
typical emerald-green material. The d
terminative curves of Hess (1949)
Muir (1951) were medified to fit the che



. ical analyses and partial ana.lyses o_f the
. pyroxenes ‘from both pyroxenite bodies of
| the Rainy Creek pluton listed in tables 2,8,

‘and 9. Theése modifications were necessary
‘becausé ithe Fet+:Fett ratio is unusually
| y fl;éééiﬁyroxenes, and- they confirm
gsof Segnit (1953) that each 1.0
1 Fey0; increases ; the refractive
abalit 0.003. Wiltl;‘ the revised
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atomic ratio of Fe were those with accessory
magnetite, but these do not includ.e the
magnetite-rich dikes which are consxderfad
in a following section on the magnetite
pyroxenite,

BIOTITITE

The biotitite core is well exposed in the
open pit mine, In plan view it is an irregular-

! TABLE 2
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cm. to about 1 m. in diameter, although"

most of it occurs in books 10 ¢m. or more in
diameter. The books show no obvious pre-
ferred orientation.

Chemical analyses of two biotite samples
are shown in table 3. Sumples RCSp-55 and
RCB-12 were collected from the center
and from near the western border of the

more abundant near the center than near
the contact with the pyroxenite. Both inter-
mediate microcline (Orgs {Ab + Anjg) and
albite (Abgs) are present; the latter appears
to result from albitization of the former.
The albite composition was determined by
the method of Schairer ef al. (1956) and the
potash feldspar by X-ray methods using

TABLE 3
CHEMICAL ANALYSES* AND NORMS OF BIOTITES FROM BIOTITITE

1}
Rl ICAL ANALYSIS* AND OPTIC PROPERTIES C.LP.W. Norws
é§ ' I OF CLINOPYROXENE (P-100) FROM !
1 1!, BIOTITE PYROXENITE RCSe-55 RCRB-12
~§t§ : _ RCSp-55 RCB-12
i Cations on the Basis SiOr............. 39.10 38.63 kp 15.05 14.71
E of 6 Oxygens ALOs....... L 13.30 13.08 Ic 28.16 28.47
e h R I O RN R i it R POz oo 1.21 1.55 ne 1.11 1.25
CraOaf.. oL 0.25 0.23 c 1.63 1.58
53.94 Si 19691, g5 FeOaooooioii.. 2.56 2.50 an 0.65 0.95
0.76 AlY 0.031f% FeQ.............. 7.23 8.75 il 2.41 3.10
NiO.............. 0.02 0.02 mt 3.90 3.81
0.26 Al 0.002 MaO............. 0.10 0.14 fo 39.52 36.63
0.20 Cr 0.006 MgO............. 21.55 19.94 fa 7.59 0.52
i 1.13 Fettt 0.031 CaO....oooii . 0.12 0.18 DI 44.31 44.43
: 1.91 Fet+ 0.088 S0 < 0.005 0.005 C.L{ 40.17 37.58
I 0.07 Mn 0.002 BaOf............. 0.35 0.45 oo
: 16.93 Mg 0.920 2.00 Na,O............. 0.23 0.26  f...o e
24.55 Ca 0.959({“ KO, ... . ..., 10.05 10.00 oo
120, 0.17 ga 0.012 RbO............. 0.03 0.04 |
<00t | K | ... HO4............ 3.74 352 e
LS 0.04 i 0.007 MO~ 0.06 030 |l
i BalOt.eeeen... <0.01 S| ... » PO 0.00 0.06 |...o..od
U0 0.03 Ba | ... B 0.35 0.30  |...b
L. Total......... 100.00 0 6.000}6.00 99.98 99.95  fodee o
; O=TF.......... -0.18 =012 ol
P ome=1.6784£0.001........... Perfect (100) parting Total........... 99.80 90.83 oo
mp=1.68¢ £ 0.001. ......... Handspecthepxsemeraldgreen
Wy = 1~17021 %(?20516.36) """" NOI‘T pleoc i roxc .............. * Analyst: C. Q. Ingamells.
2¥y (Ca cula e(] _ 566 ................... t Norm was calculated after subtracting 120+, 1120 —, and F and recalculating analyses Lo original totals.
2, (measg)re )= R N 1 Spectrometric analyses by N, H. Subr.
ZAC=41" § Diffexrentiation index.

# Analyst: C. O. Ingamells.

s
T ..,..r B

curves, fiiésb(!)i;ﬁpositions of thirty-six py-
roxenes, from |the biotite pyroxenites and
magnetité pyroxenites were determined
from their, optical properties. Determina-
tions of the atomic ratio of Fe (i.e., the
ratio Fetrk 4 Fert:Fert + Fett + Mg)

range from 0.08 {0 0.12 in the normali rock
and from 0.1 {6 0.18 in the later bodies of
apatite-rich p?foxenite. In these later bod-

ies, the pyroxeties with the highest values of

t Spectrometric analyses by N. H. Sule.

ly shaped body with a northeast-trending
long axis of about 1,450 feet and a max'unm:n
width of about 830 feet. Prior to mining, it
cropped out near the highest point in th.e
pluton at an elevation of 4,240 feet, It is
now exposed in the lowest mine levels at an
elevation of 3,855 feet. The biotitite con-
sists almost entirely of coarse-grained bio-
tite. This mica occurs in anhedral, rarely
euhedral, books ranging from less than 1

| Crystallization index.

biotitite body, respectively. As the biotitite
consists almost entirely of biotite, table 3
also shows the results of the analyses recast
into norns. Optic properties and atomic
ratios for the analyzed biotites appear in
table 4.

Feldspar, a common but sporadic ac-
cessory in the biotitite, occurs as wedges
up to about 8 an. long between the mica
books. The total feldspar content of the
rock is estimated to be 2 per cent, but it is

the curves of Luth (unpublished data, 1965).
Some of the albite appears to replace biotite,
and it commonly contains a small amount
of calcite,

Pyrite is a common accessory, but it is
present in amounts less than 1 per cent. It
occurs as fresh anhedral grains in the biotite
and feldspars, being much more abundant
near the center of the biotitite body. Calcite
and riebeckite(?) are present in minor
amounts in some samples, but these miner-



Z als appedr to be secondary alteration prod-

s of the biotite. Apatite is almost entirely
ibserit. Small alkaline pegmatites, which
risist mostly of aegirine-augite and alkali
feldspars and appear to h'we crystalhzed in

TABLE 4

OpPTIC PROPERTIES AND HALF-CELL ATOMIC
RATIOS* OF BIOTITES FROM BIOTITITE

RCSp-S5 RCB-12
1.568 1.569
1.609 1.609
0.041 0.040
12° 11°

X<¥=2 Same as

! RCSp-55

2.86
1.14
0.09
0.01
0.14
0.54
0.01
2.20
0.01
0.04
0.94
0.01
1.74
0.07
10.08

SEVIER2R2RE22I5E

b

i from analyzed HoO- using method of Foster,

gster (1963).

phic angles were measured uslng the procedure of Bloss
I are recorded as mmlmum values.

il lxght brown; ¥ = Z = greenish-brown.

1;the contact zone, diopside content
cases, biotite grades into “vermiculite,”

ieldspar where present, diminishes to
=W1th1n thls contact zone, biotite is

Stirs as resorbed patches in optical conti-
ity, even across boundaries of diopside

rains (see pl. 1,4).
l XENOLITHS

‘1414 Nodular inclusions, which probably were
: |once ultramafic rock and are now thorough-
ly ‘altered, are scattered throughout the

A. L. BOETTCHER

biotitite core. None was encountered in
the pyroxenite surrounding the biotitite.
The nodules, about forty in all, are well
rounded and range in diameter from 5 to
35 cm. The contact between each of them
and the enclosing rock is sharp and easily
recognizable in the field. The nodules per-
sistently show three well-developed zones:
(1) a core consisting of talc, dolomite, pyr?te,
tremolite, phlogopite, apatite, magnesite,
and small amounts of quartz, listed in de-
creasing order of abundance; (2) an inter-
mediate ring of tremolite and subordinate
tale, pyrite, and carbonates; and (3) an
outer rim composed mostly of phlogopite
and interstitial dolomite, talc, and pyrite.
Pyrite constitutes about 5 per cent of the
core and occurs as fresh, brilliant cubes and
octahedra about 0.6 mm. in diameter. The
dolomite of the core is euhedral to anhedral
and is much more abundant than the mag-
nesite.

The phlogopite is very striking and occurs
as elongate blades arranged radially around
the nodule and normal to the sharp contact
with the surrounding biotitite. This phlogo-
pite is peculiar for its acicular habit z}nd
also for its unusual optics. The pleochroism
is reversed from normal phlogopite or bio-
tite, being X > ¥ = Z, X = orange brown,
Y = Z = light olive-green to colorless. The
other optic properties are normal with
2V, = 11°, N, = 1.556, and Np = N, =
1.604. The phlogopite in the core also has
reversed pleochroism, but unlike that in the
rim, occurs as strongly embayed, optically
continuous patches. Some of the phlogopite
in the rim and core shows zoning with a
center with normal optics and an irregular
border with reversed pleochroism. An at-
tempt to separate the phlogopite of the
outer rim from the associated talc for chemi-
cal analyses proved unsuccessful, but a
spectrographic analysis of the impure ma-
terial showed no unusual constituents or
concentrations of major or minor elements.

In the study of the phase equilibria of
“ferriannite,” Wones (1963, p. 583) reported
absorption colors for the synthetic micas
similar to those determined for the phlogo-
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pite in the nodules. This led the present
writer to suspect that the reversed pleochro-
ism results from a high Fet+* content in the
fourfold positions of mica, and recently
several authors have shared this belief.
Hogarth (1964, and personal communica-
tion), in a very detailed study of the optics
of micas with reversed pleochroism, related
this property to a high content of tetra-
hedral T'e™+. Rimskaya-Korsakova and
Sokolova (1964) concluded that reverse
pleochroism results from Al deficiency, but
chemical analyses of their samples also
reveal high Fe,O; contents.

Absorption of light in micas is believed
to result from clectron transfer and to be a
function of the nearness of neighboring Fet+
and et jons. Absorption would thus be
greatest when the electric vector is parallel
to the direction of the greatest density of
Fett and Fett ions (Hogarth, personal
communication). When Fet+ substitutes
for Siin the tetrahedral sites, the population
density of Fe would be greater in the direc-
tion normal to (001) than parallel to (001)
as in nonmal biotites where Fe is mostly in
octahedral positions. The absorption would
then become X > ¥ = Z. Evidence in sup-
port of this interpretation can be seen in the
phlogopite which shows a core with normal
oplics. This zoning is visible only when the
cleavage traces are normal to the vibration
direction of the lower nicol. When the elec-
tric vector is pdrallel to (001), the absorp-
tion of both zones is equal, suggestmv that
both have similar composmons in the octa-
hedral layers. Also, in this position the
Fet* jons in tetrahedral sites could not
absorb light (exchange electrons) because
Fet* is absent in these positions.

These micas, although unusual, may be
much more abundant than is realized, and
have been noted by several previous work-
ers. Their occurrence appears to be almost
entirely restricted to carbonatites and ultra-
basic rocks, although Rimskaya-Korsakova
and Sokolova (1964) report some specimens
from iron formations. Grains of normal
phlogopite with rims showing reversed pleo-
chroism have been reported by Wagner

(1914 p- 108) and Watson (1955, p
in studies of kimberlites. Smgewald a
Milton (1930) describe serpentine pher
crysts in an alnoite pipe which are rephc
by a continuous border of phlogopite wi
reversed pleochroism. At Alng, von Ecke
mann (1948, p. 155) reports biotite wi
similar abnormal absorption only in dee
seated alnoites and kimberlites, and |
attributes this property to the effect
high pressure. Of special interest is a bioti
described by Anwar (1956) which occurs
xenoliths in trachyte flows. This mica h
the same pleochroic formula as that in
xenoliths at Rainy Creek and occurs
“thin elongated shreds.” A chemical anal
sis mdlcated 14.12 per cent Fe,0; and 2.
per cent FeO.

As noted by Bowen (1928, p. 197) in
discussion of the effects of magma saturate
with biotite on igneous inclusions, the me
cannot dissolve minerals higher in the rea
tion series, but it “can and will react wit
these minerals and convert them to biotite.
The present writer suggests that the unusu:
phlogopite results when alwmina-deficier
ferromagnesian nodules are brought int
contact with the biotite-saturated melt i
a milieu of high pu,o and fo,. Most of th
Fe would be oxidized and enter the phlogc
pite structure; the remaining Mg woul
form talc, tremohte dol(>1mLe, and mag
nesite, ’Ihe phlogopxte with normal core
and reversed borders may represent th
partial adjustment of earlier mica to thi
environment. The normal biotite in th
surrounding biotitite had sufficient Al pres
ent so that Fet** was restricted to th
octahedral positions.

Support for ‘the ultrabasic parentage o
the nodules are serpentine nodules, de
scribed by Pabst (1942) from a 10d( con
sisting of plagioclase, hornblende, biotite
quartz, and magnetite which he considerec
to be igneous. Some of these nodules havi
altered to talc cores surrounded by tremolitc
and with an outer crust of vermiculite o1
chlorite, which probably is weathered phlog
opite.

Peter Deines, at Pennsylvania State Uni-



14

easured the isotopic com-
)4 n and oxygen in dolomite
{ione lof the riodules from the biotitite.

tults are 8C1 = —10244% and
L 183512 These values fall near
“for carbonates from carbonatites
‘ (508!= —14 to —24 and 5CY = 0 to —9)
 teported by Gold (1965, p. 23) and within
the range of carbon from magmatic rocks
and carbonatites reported by Kukharenko
and Dontsova (1964, p. 40). The 8C'3 values,
in addition, are significantly lower than the
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dotite) which were transported to the pres-
ent position by rising magma.

MAGNETITE PYROXENITE

The magnetite pyroxenite fits well the
definition of “jacupirangite’ as defined by
Washington (1901) and Johannsen (1938),
but this term is not used herein because in
moadern usage the term commonly connotes

“the presence of feldspathoids. This rock

comprises about 42 per cent of the area
underlain by the igneous complex. Some of

TABLE 5

MODES OF MAGNETITE PYROXENITES IN WEIGHT PER CENT*

Sample Pyr Mt Ap | And | Sph | Bio | PI or - L’;;’f(‘;l":‘;':cs
64.3 1 29.5{ 6.2 E15048
71.5 ] 21.5 ] 6.7 E8712
66.6 | 18.6 | 4.9 £17424
68.8 | 25.6 | 5.0 E15444
64.0 | 289 | 7.1 £12804
66.9. | 25.1 7.6 E15312
6.9 106 7.2 E8179
65.3 25.1 9.0 E10037
69.3 1 22.81 4.5 E14916
66.3 28.8 4.8 E15840
64.71 290 6.4 F14652
67.41 26.8] 5.8 F13451
65.2{ 25.2| 9.7 113083
36.8 9.0 | 2.1 E8316
58.4 8.7 1.4 E13728
61.0 4.2 2.0 E13714

* Pyr = pyroxene, Mt = mai etite, Ap = apatite, And = andradite, Sph = sphene, Big = biotite or “‘vermiculite,” P! =

plagioclase, and Or = orthoclase.

ocation coordmatm arcin feet north and east of the i intersection of Highway 37 and Rmny Creck

road. The last two samples are [rom magnetite pyroxenite dikes that transect the biotite pyroxenite.

fange of approximately 0 to —35 in hydro-
thermal dolomites presented by Engel,
Clayton, and Epstein (1958) and Lovering,
McCarthy, and Friedman (1963).

The isotopic composition of the dolomite,

| together with the fact that the unusual
[ phlogopxte and the paragenesis of the nod-

ules in the biotite core resemble the phlogo-
plte and paragenesis of other nodules that
“clearly were once of ultrabasic composmon

this rock is fractured and friable, but enough
of it'is sufficiently sound and unweathered
to yield samples for chemical and modal
analyses. The essential minerals are clino-
pyroxene, magnetite, and apatite, but an-
dradite, sphene, and biotite or ‘“vermiculite”
are common accessories. As shown in the
modes in table 5, the accessories are present
in various combinations and are missing in
some specimens.

Much of the magnetite pyroxenite shows
pronounced alignment of the pyroxene and
apatite crystals. The long axes of these
crystals are oriented so as to dip from the
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center of the pluton at angles that range’

from near horizontal to near vertical. The
grain size of this rock is quite uniform,
ranging from about 0.7 to 3 mm. However,
within about 20-50 feet from the contact
with the biotite pyroxenite body, the mag-
netite pyroxenite is coarser grained, attain-
ing an average size up to about 2 c¢m. As
the rock within this contact zone is other-
wise similar to the adjacent magnetite
pyroxenite, it is suggested that this zone is
a coarse-grained facies of that rock. This
facies possibly resulted from emplacement
of the magnetite pyroxenite while the biotite
pyroxenite was still hot and possibly evolv-
ing volatiles, allowing slower cooling at the
inner boundary. Furthermore, the incipient
deuteric tremolitization in the biotite py-
roxenite is not manifest in the magnetite
pyroxenite, but it has occurred in parts of
the'contact zone.

Many dikes and apophyses of magnetite
pyroxenite transect the biotite pyroxenite.
A photograph of a typical example of the
dikes is shown in plate 2,B. The mineralog-
ical composition of the dikes is similar to
that of the main body of magnetite pyroxe-
nite (table 5), but the latter prevalently
contains more apatite and magnetite and
less biotite and/or “vermiculite,” Many of
the dikes show a pronounced vertical band-
ing resulting from magnetite-rich layers (pl.
2,B).The magnetitein these dikes is euhedral
and appears to have crystallized early. This,
together with the fact that the layers paral-
lel the dike walls, suggests that the banding
resulted from flowage differentiation (Bhat-
tacharji and Smith, 1964).

The feldspar-rich magnetite pyroxenite
(M-108 in table 5) is well exposed in a cut
where the road crosses Rainy Creek on the
northwestern side of the pluton. Pronounced
vertical lamination resulting from bands
rich in pyroxene, biotite, and magnetite
within feldspar characterizes this rock. The
pyroxene differs from that in the other
pyroxenites by having borders of aegirine-
augite (about Acqe from optical properties)
where in contact with the feldspar. The

plagioclase is albite that is present as ir-
regular patches within the orthoclase. This
rock is similar in nearly all respects to the
feldspar-bearing pyroxenite at Iron Hill,
Colorado, which Larsen (1942) and Temple
and Grogan (1965) consider to be segrega-
tions within the main mass of pyroxenite.

A chemical analysis and norm of a sample
(M-86) from the main body of magnetite
pyroxenite are listed in table 6, together
with an analysis of the type jacupirangite
for comparison. Viewed in thin section, the.
magnetite pyroxenite consists of subhedral
to anhedral clinopyroxene with interstitial
magnetite, which embays the pyroxene and
appears to postdate it. Both niinerals
poikilitically enclose fluorapatite prisms.
Sphene and andradite, where present, are
generally associated with the nagnetite;
sphene also forms rims or border zones on
the apatite. The biotite and/or “vermicu-
lite” occur as embayed fragments and op-
tically continuous patches that apparently
are earlier than the pyroxene. Magnetite
contains lamellae of ilmenite, visible with
an oil-immersion objective, which parallel
the (111) planes of the host. Buddington
and Lindsley (1964, p. 322) ascribe this
arrangement to oxidation of ulvospinel com-
ponent to ilmenite under “normal’ fo, con-
ditions. A spectrographic analysis of this
magnetite is shown in table 7. It contains an
unusually low MgO content and a high,
although not excessive, amount of Cr.0;
relative to that in similar pyroxenites and
jacupirangites.

A chemical analysis and list of oplic
properties for the clinopyroxene from sam-
ple M-39 appear in table 8. Table 9 lists
properties for additional pyroxenes from the
magnetite pyroxenite and magnetite py-
roxenite dikes. The determinative curves
for the clinopyroxenes, which were discussed
earlier, indicate that the atomic ratios
of Fe (Fet*+ 4 Fett: Fettt 4- Fett - Mg)
range from 19 to 22 in the pyroxenes of the
main body of magnetite pyroxenite and 18
to 22 in the dikes.

The most conspicuous feature of the



540 A. L. BOETTCHER

magnetite pyroxenite in thin section 1is
the island-in-sea texture produced by the
strongly embayed pyroxene and the inter-
stitial magnetite (pl. 1,B). A similar rc?la—
tionship occurs in magnetite pyroxenites
and jacupirangites at Jacupiranga, Brazil
(Melcher, 1954), Union Bay, Alaska (Ruck-
© hick and Noble, 1959), and in thin sections
. " of : the Iron Hill, Colorado, pyroxenites
* ekamined by the writer. Iockema and
:' .

Mendelssohn (1954)° report a similar ar-
rangement between clinopyroxene and chro-
mite. Bateman (1951) describes other
examples and postulates that the ore
minerals are late, remaining liquid as the
result of “mineralizers” such as H,0, F, §,
or phosphate. Ruckmick and Noble (1959,
p. 1008) suggest that the interstitial mag-
netite might result from the presence of a
eutectic on the magnetite side of the sys-

i TABLE 6
He oo CHEMICAL ANALYSIS* AND NORM OF
i ; MAGNETITE PRYOXENITE (M-86)

M-86 ()t C.I.P.W. Norm of M-86%
............. 36.89 38.38 ne 0.40
............ 1.52 6.15 or 0.28
............. 1.52 4.32 a? ‘%23

.......... 002 |..c........ ab .

el 16.33 ii.70 ap 6.22
............. 8.57 8.14 i1 2.88
............. 0.00 |[...........] mt 23.76
P MnO........l 0.27 0.16 wo 4.07
10.74 11.47 di 58.30

............. 20.60 18.60  |oveeieiii]ierienaenns
............. 0.15 wo 31.23
............ 0.01 |.....e..-.. di{en 26.81
............ 0.26 0.78 fs 0.25
............. 0.05 0.13 DI 2.15
........... 0.27 0.54 ClL <60.60

........... 0.00 0.18 oo,

............. 2.61 017 oo,

.......... 99.78 100.72 |l

* Analyst: C. O. Ingamells. See table 5 for mode. .
t Column (2) is an analysis of the type jacupirangite from Jacupiranga, Brazil {Wash-

ington, 1901).

t Norm was calculated after subtracting H:0+ and recalculating total to 99.78.
§ Spectrometric analyses by N. H. Subr.

TABLE 7

SPECTROGRAPHIC ANALYSIS OF
MAGNETITE FROM MAGNETITE

PYROXENITE*

AlOs ..o 0.30
CaO..ooocivii 0.38
TiOg. o oot 1.7
FeOso oot >30
CraOsz. 0o cvven e 0.63
MnO.............. 0.35
ViOs. o oo 0.13

MgO......o.oin 0.20
Not detected: Ni, Cu, Sr, Ba, Zr

* Analyst: N. H. Suhr.

tem diopside-magnetite. However, Presnall
(1966) showed that the join diopside-
magnetite intersects the divariant surface
separating the diopside and spinel primary
phase volumes at 21 weight per cent mag-
netite at about 1,300° C. in air atmosphere
to fo, = 10-% atm. At fo, = 1078 atm,,
magnetite is not stable on this join. It was
not determined if a reaction relationship
exists between diopside and magnetite at
this point. It must be noted, however, that
lower temperatures and the presence of
volatiles may alter these conclusions.
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Of interest is the observation that, in -

the magnetite pyroxenite dikes, magnetite
occurs as early euhedral to subhedral crys-
tals enclosed by clinopyroxene (pl. 1,C). A
similar relationship was noted in some of
the border rocks at Union Bay by Ruckmick
and Noble (1959, p. 1004), who consider
crystallization in these rocks to have been
rapid. The present writer suggests that
early crystallization of magnetite in the
dikes resulted from a higher fo, than in
the main body, as Hamilton, Burnham, and
Oshorn (1964) have shown experimentally
that a relatively high fo, favors earlier
separation of magnetite from basaltic melts.
The dikes may ‘also have formed under a
higher fo, as suggested by the abundance of
hydrous minerals.

Excluding the samples which contain
feldspar or abundant biotite or “vermicu-
lite,” the magnetite pyroxenite contains
21.5-29.5 weight per cent magnetité. This,
when compared with the range of 22-29
per cent reported by Irvine (1959, p. 185)
in the pyroxenites in southeastern Alaska
and the position of the point on the diopside-
magnetite join at 21 weight per cent mag-
netite determined by Presnall (1966), lends
added support to an igneous origin for these
rocks at Rainy Creek. Metasomatic origins
have been proposed for similar rocks by
many investigators in other complexes.

ORIGIN

The gross structural, mineralogic, and
chemical features of the Rainy Creek pluton

TABLE 8

CHEMICAL ANALYSIS* AND OPTIC PROPERTIES
OF CLINOPYROXENE (P-103) FROM
MAGNETITE PYROXENITE

Cations on the Basis

Analysis of 6 Oxygens

Si0, ’[ ......... 51.59
ALOst.......... 1.86 Si 1.914
TiOy.. ... ... 0.61 AV 0.081}2'00
CrOst.. ... ... <0.02 v
FeOs... ..ot 2.86 Fettt 0.080
FeO............ 3.26 Fett - 0.101
MnO........... 0.18 Mn 0.006
MgO........... 14.67 Mg 0.811
CaO........... 24.35 Ca 0.96732.01
NiO............ 0.00 Na 0.021
NaO........... 0.29 K 0.002

200 0.05 Ti 0.017
SrOf ... .. 0.14 Sr 0.003
BaOf.......... <0.01 Ba | .....
HoO—.......... 0.01 0 6.000}6.00

Total......... 99.87 |
a = 1.692 £ 0001 .......... Perfect (100) parting
g =1.698 £0.00L.......... Hand specimen is dark green
iy = 1.TA7T £0.000.......... Faintly pleochroic

2V (calculated) = 62.0° ... ...
2V~ (measured) = 58° ... .....

ZAC = 42° —44°

Irregular zoning

Occasional opaque exsolution
lamellae parallel to (100)
and (001) :

* Analyst: C. O. Ingamells.

t Spectrometric analyses by N. I1. Subr.
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'hase and accumulated, along with
hnmeta]s and sulﬁdes near the roof of

H,0 existed as a separate phase, at least
in the Jate stages of crystallization. Whether
diffusion alone could produce such large
gradients in the distribution of H,O is
problematic. Perhaps circulation of magma
in thermal-convection cells could augment
diffusion by bringing HyO-rich magma from
depth to the top of the chamber. Convection
cells of the type illustrated by Shaw (1965,
p. 148) for granitic magmas would be par-
ticularly effective, even more so in basic
melts because of lower viscosity.

Kennedy (1955, p. 489) states that
“Water will diffuse and distribute itself in
a magma so that the chemical potential of

TABLE 9

PROPERTIES OF CLINOPYROXENES FROM MAGNETITE PYROXENITES*

Indices

o

Rock

ng,
Sample "

Y
+0.00t

Optic
Angle

Average
ZAC

Accessoryl

FeO} Fex0st Minerals

.692
.698
Ny

.691
.698
Vv

693
-701
121

.692
700
.719

.0690
697
716

.61
698
7

694
.01
721

1.687
1.694
1.711

Nad ol o e N T

b et e

(RIS

58°
§9°
59°
58°
61°

60°

LYASEE R

63°  |..

43° 3.20

43° 3.47 2.24 BA

4° 3.72 3.02 SB

44° 3.99 1.95 N

44° 4.50 2.4 N

............................ BA

............................ BF

"The last two pyroxenes are from dikes of magnetite pyroxenite.
'}Fe() and Fe:Os anzlyses by C. O. Ingamells.

tEvery rock contains clmopyroxenc, magnetite, and apatite in addition to the indicated accessory minerals:

N = none, B = biotite or ‘‘vermiculite,”

A = andradite, S = sphene, and T =

feldspar.
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the water is the same throughout the mag-
ma chamber. By this mechanism water
tends to be concentrated in the magma
chamber in the regions of lowest pressures
and temperatures. Alkalis and certain met-
als will coordinate with the water and,
similarly, be concentrated in the regions of
lowest pressure and temperature.” How-
ever, this mechanism does not appear to be
applicable to these rocks. Hamilton ef al.
(1964) have shown experimentally that the
solubility of H»0O in mafic magmas increases
with total pressure. In addition, the tem-
perature effect on the solubility of H.0O
(Soret effect) in melts of the composition
of the Rainy Creek rocks is unknown.
Turthermore, that alkalies and other metals
would co-ordinate with H,O (hydroxyl) in
solution seems improbable.

According to Wones and Eugster (1965,
p- 1264), the ratio Fet*+:Fettt | Fett of
biotite provides a rough estimate of fo,—7
conditions during crystallization. This ratio
in biotites RCB-12 and RCSp-58 is 0.21 and
0.24, respectively, which is close to the value
0.25 reported by Wones and Eugster for
biotite that crystallized under Fe;04~—Fe 05
buffer conditions. Stability curves for these
two biotites, based on KFet+AlSi,04(0H).
contents, were calculated from equation (6)
of Wones and Eugster and are shown in
figure 4. Curves I and 2 suggest, with crys-
tallization under FezOy—Ie,03 fo,—T con-
ditions, a maximum temperature of crystal-
lization of the biotitite of about 850° C. for
fm,0 less than 5 kb. At this temperature, the
fo, of the buffer is 10-% atim. (Eugster and
Wones, 1962, p. 92).

In the system CaSi0;-MgO-iron oxide-
Si0, at a total pressure of 1 atm., Presnall
(1966) showed that with fractional crystal-
lization at a constant fo2 of 0.21 atm., and
perhaps as low as 10~¢ atm., simple olivine
pyroxenite liquids can yield magnetite py-
roxenites. Presnall’s results at fo, = 1072
atm. are shown in figure 2. The content of
the components of this system in the analy-
ses of the pyroxenites (tables 1 and 6),
together with an analysis of the magnetite
pyroxenite by Larsen and Pardee (1929),

is plotted in figure 2 after subtracting the

" CaQ present in apatite and recalculating to

100 per cent. These rocks are treated in this
simple tetrahedron to illustrate that they -
may have originated from a common parent
magma. A direct analogy between crystal-
lization in the synthetic system and in the
proposed parent magma is impossible, par-
ticularly because biotite, rather than olivine,
is present in the pyroxenites, It is suggested,
however, that the addition of volatiles and
alkalies to this system will create a primary
field for phlogopite, perhaps at the expense -
of olivine.

In figure 5, point I plots within the
primary volume of olivine. With fractional
crystallization at a constant fo,, cooling
to the liquidus temperature would precipi-
tate olivine, and the remaining melt would
change composition away from Mg-rich
olivine toward point e. At this point, Mg-
rich diopside crystallizes with the olivine,
and the liquid proceeds to point ¢. The
diopside has become progressively richer in
TFe. In the vicinity of point X", olivine
would dissolve in the liquid with equilibrium
crystallization in a CO; atmosphere and at
107°-%8 atm. fo,; there are insufficient data
to indicate whether the reaction relation-
ship persists at fo, as low as 107¢ atm.
Nevertheless, with fractional crystallization,
the liquid leaves the boundary curve and
follows an oxygen isobar on the diopside-
magnetite-liquid surface toward point 2,
precipitating diopside and magnetite. With
perfect fractional crystallization, the liquid
would continue to the silica-magnetite-
diopside-liquid boundary curve, but with
imperfect fractional crystallization, the liq-
uid would not reach the temperature mini-
mum and may or may not precipitate
additional phases, depending upon bulk
composition. Thus, in the synthetic system,
fractional crystallization has produced oli-
vine pyroxenites followed by magnetite
pyroxenites, and the pyroxenes become en-
riched in Fe.

In the case of fractional crystallization
under fixed bulk composition (decreasing
fo,), Presnall’s data are less complete in
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that they provide no confirmation that the
reaction relationship of olivine persists as
it does with equilibrium crystallization at
high fo,. If the reaction relationship does
persist, however, the sequence of crystalliza-
tion in the early stages would be the same
if the magnetite field boundary is reached.
It is considered unlikely that similar assem-
blages could be obtained by fractional fusion
of olivine pyroxenites (Presnall, 1966). In
addition, with fractional fusion, the mag-
netite pyroxenite would be generated first,

.and this conflicts with the field evidence

at Rainy Creek, if the order of emplacement
is also the sequence of magma generation.
Pyroxenes from the biotite pyroxenite
and magnetite pyroxenite contain little Al
relative to similar rocks, for example, those
from Magnet Cove and Iron Hill. In LeBas’s
(1962, p. 275) diagram of Al,O; against
Si0,, Kushiro’s (1960, p. 549) diagram of
Al against Si, and Challis’ (1965, p. 350)
diagram of Al, against Si, the pyroxenes
from both pyroxenites plot far within the

CaSiOs

AKERMANITE

- CoMgSiy0g/ -/

OLIVINE

MAGNESIOWUSTITE

MgO

MgFeyOq) “FeO
(Fe 304)

Frc. 5.—Crystallization of pyroxenites in the system CaSiO3;-MgO-iron oxide-5i0;. Points 1, 2, and 3
represent, respectively, biotite pyroxenite RCPy-64, magnetite pyroxenite M-86, and magnetite pyroxenite
(Larsen and Pardee, 1929, p. 103). Point X" is the intersection of the diopside-magnetite join with the
boundary curve along which liquid coexists with olivine, clinopyroxene, and magnetite. Area d''b"’¢’’ rep-
resents the plane along which liquid coexists with clinopyroxene and magnetite. Point ¢ lies on the plane
separating the primary fields of clinopyroxene and olivine. Modified after Presnall’s (1966, p. 769) diagram

of fo, = 1078 atm.
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tholeiitic (Al-poor) fields. Similarly, these
pyroxenes plot with those from the Red
Hills and Dun Mountain dunites and the
Bushveld, Stillwater, and Skaergaard com-
plexes in Challis’ (1965, p. 352) diagram of
Al, against Na. Hess (1960) suggests that
high pressures favor higher Al contents in
clinopyroxenes, but Hyttnen and Schairer
{1961) have prepared diopsides with over
10 per cent AlyO; at 1 atm. total pressure.
To account for the low Al contents of the
Rainy Creek pyroxenes, it is suggested that
biotite separated early in the biotite pyroxe-
nite and biotitite, resulting from high px.o,

* thiis fractionating Al from the pyroxenite
. melt, also effectively purging most of this
ii element from the residual melt from which

the magnetite pyroxenite crystallized. Such

. a’iechanism also would fractionate X,
il thereby explaining the low K;0 content of
i} the ‘magnetite pyroxenite relative to that
i} of the biotite pyroxenite. Experimental data
" on the crystallization of biotite clinopyroxe-
" nites are lacking, but Luth (1963) has
" investigated the system KAISiO-Mg,SiOs-

8i0,-H,Q and has shown that phlogopite is
stable at liquidus temperatures at py,o as
Jow as 2 kb. These results are not directly
applicable, however, because phlogapite is
stable to higher temperatures than biotite.

The high magnetite content of the mag-
netite pyroxenite considerably increases the
FeO and Fes0; content and reduces the
Si0, and MgO content relative to that of
the biotite pyroxenite. Consequently, mis-
leading results are obtained when analyses
of these rocks are plotted on most variation
diagrams. For example, on the curves em-
ployed by Osborn (1959, p. 634; 1962, p.
223), such as the one plotting FeOQ + FezO;
against SiO., the Rainy Creek pyroxenites
plot with a large negative slope similar to
the Skaergaard liquids. Such curves, there-
fore, fail to distinguish between rocks that
contain magnetite and those that have
undergone strong Fe enrichment of the
ferromagnesian silicates. Similarly, when
the analyses are plotted against the differen-
tiation index (Thornton and Tuttle, 1960)
or the crystallization index (Poldervaart and

Parker, 1964), the curves for FeQ, Fe,Oj,
and MgO follow the trends of most other
differentiated suites, whereas the curves for
Si0,, Al;0;, and K,0 are reversed.

More meaningful and revealing results
are obtained from plots of the crystallization
trends of the pyroxenes shown in figure 3.
Also shown in figure 3 are the pyroxene
trends of two highly differentiated teschen-
ite sills, the Japanese alkaline basalt series
and the Skaergaard gabbros. Clinopyrox-
enes from Duke Island, Alaska (Irvine,
1963) and Union Bay, Alaska (Ruckimick
and Noble, 1959) plot similarly to those
from Rainy Creek, but the latter are
much poorer in Al. Both of the teschenite
sills contain abundant magnetite—4 to 10
per cent in the Garbh Eilen sill (Murray,
1954, p. 25) and 6 to 15 per cent in the
Black Jack sill (Wilkinson, 1958, p. 10).
Osborn (1959, 1962) considers the Skaer-
gaard trend toward strong Fe enrichment
of the residual liquids as an indication that
fractional crystallization has occurred at
constant bulk composition (decreasing fo,).
That is, the liquids do not remain on the
magnetite-diopside surface (plane &'¢”d”
in fig. 5) after the appearance of magnetite,
but, rather, they leave this surface and
continue in the direction of Fe enrichment.
The two teschenite sills, on the other hand,
appear to have crystallized under a more
nearly constant fo,, where “the O, isobaric
surface on which the liquid must remain
intersects this magnesioferrite [magnetite]
surface, and hence the fractionating liquid
cannot slide down the magnesioferrite roof
and continue to increase in iron content”
(Osborn, 1959, p. 628). The addition of
CaSi0; (Presnall, 1966), CaAl,Si:05 (Roe-
der and Osborn, 1966), or up to 5 weight per
cent TiO, (Speidel, 1964) to the system
MgO-FeO-Fe;0;-Si0; (Muan and Osborn,
1956) does not alter this conclusion.

Although the Rainy Creek pyroxenites
have followed a similar trend, the magnet-
ite-diopside surface was reached while the
pyroxene was Fe-poor diopside, and enrich-
ment of Fe in the pyroxenes was slight after
the appearance of magnetite (fig. 6). Pres-
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nall (1966) demonstrated that, with in-
creasing fo,, the magnetite-diopside surface
moves toward diopside and away from the
“FeQ” apex. These data suggest that the
Rainy Creek pyroxenites crystallized at a
fo, higher than that in the hypabyssal
teschenite sills and at a fo, which was more
nearly constant or even increasing. Pres-
nall’s work was conducted at temperatures
much higher than those proposed herein,
and the Rainy Creek rocks probably crystal-
lized under lower fo, than described in the
above experimental data.

In conclusion, it is suggested that the
biotite pyroxenite and the later magnetite
pyroxenite are derived from a common par-
ent magma, but at different times. The
magnetite pyroxenite likely was emplaced

as a hotter and dryer magma than was
biotite pyroxenite, and, for this reaso
does not appear to be a product of diffe
tiation of the biotite pyroxenite; tha
they are not linearly related.

FENITE

The fenite at Rainy Creck is expose
two exploration pits near the northern
tact of the magnetite pyroxenite with
Belt Series. The fenite is a replacemen
the Wallace formation, but the exact na
of the original rock is unknown. Unalt
rock at approximately the same cleva
about 1,000 feet north of the fenite
calcareous siliceous argillite. No other
posures have been encountered during
study. However, Larsen and Pardee (1

CaM
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) Pyroxenite

2) Apatite -rich pyroxenite dikes

3) Mognetite pyroxenite

4) Magnetite pyroxenite dikes

Fic. 6.—Crystallization trends of pyroxenes: I, Rainy Creek pyroxenites; 2, Black Jack teschenitc
(Witkinson, 1957); 3, Garbh Eilean teschenite sill (Murray, 1954); 4, Japanese alkaline basalt serics (A
1964); and 5, Skaergaard pyroxenes (Brown and Vincent, 1963). Below, the atomic ratios of the R:
Creek pyroxenes (Fet*t - Fett ; Fet+t |- Fett 4 Mg) are projected on the diopside-hedenbergite jo



‘“‘syenite’” exposed in an
ately the same location
-boundary, made up of
lperthlte cut by numerous
inlels” of aegirine-augite.
1accessible, but their petro-
~d Criptios ns and the location strong-
£ the “syenite” is fenite.

1&’ discovered by the present
_ zoned changing in mineralogical
fid‘ichemical composition outwardly from
the contact with the pluton. Near the con-
" fact, it is a dense, light-gray to yellow rock

P (;omposed mostly of microcline and contain-
. ing black porphyroblasts of garnet. Oriented

TABLE 10

SPECTROGRAPHIC ANALYSIS OF
SCHORLOMITE FROM
FENITE*

SiOpv et 27
AlOsev e 1.4
(610 1 28
MgO............... 1.50
TiOp. it 941
[ 76 25
CroOz..oovve e 0.019
MnO............... 0.37
ViOs.ooovve 0. 18

Not detected: Ni, Cu, Sr,
a=12.12+0. 02 A

* Analyst: N. H. Subr.

biotite produces a near-vertical foliation.
The microcline is turbid, and all sections
show incipient to moderate muscovitization.
The garnet constitutes 20 to 25 per cent of
; -the fenite and occurs as euhedra up to 1.5

i cm. in diameter. Two varieties are present;

,' E

rone is yellow andradite and the other is
Hark red-brown to black schorlomite with
int oscillatory zoning. Both are totally
ttopic. A spectrographxc analysis of the

B

i1ischorlomite is shown in table 10. Note

i Yshould be given to the high TiO, content.
5B0th MnO and V205 are appreciable. The
rdradite is persistently associated with

the two forming aggregate pseudo-

after schorlomite and accompanied
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as resorbed. fragments partially replaced
by schorlomite and associated with scat-
tered magnetite. Sphene and apatite are
common accessories. Some specimens con-
tain a few irregular patches of granophyric
intergrowths of potash feldspar and quartz.
Fenite was also observed in a pit 20 feet
from the rock described above, in a direction
away from the igneous center. This fenite
is thinly laminated, the nearly vertical
layers of aggregates of biotite, red-brown
garnet, and aegirine-augite alternating with
layers rich in potash feldspar and muscovite.
Sphene and apatite are common accessories;
magnetite is present in minor amounts. The
aegirine-augite appears to be replaced by
the biotite. All of the garnet is associated
with the biotite, commonly in small grains
which encircle aggregates of biotite. The
proportion of garnet decreases outward, and
it contains less Ti than schorlomite as
indicated by @ = 12.08 £ 0.02 A. No break-
down of the garnet to andradite was noted.
The exact sequence of changes in the ar-
gillites during fenitization is difficult to
establish from petrographic data. dMost of
the biotite appears to be a transitory phase,
replacing pyroxene but breaking down to
garnet with advancing fenitization. The
absence of aegirine-augite and the presence
of garnet in the inner fenite zones may be
the result of higher temperatures or the
absence of sufficient Na. The breakdown of
schorlomite to andradite and sphene ap-
pears to be retrogressive. The absence of
this reaction in the garnet that contains
less Ti away from the contact suggests
that, with decreasing temperature, the
solubility of Ti is reduced, thus occasioning
the breakdown. The alteration of potash
feldspar resembles that described in the
Alng fenites (von Eckermann, 1948, p. 31)
in the “zone of maximum hydration.”
Goranson (1927} analyzed aegirine-augite
from the “syenite” (fenite) collected by
Larsen. The high TiO. content of this
pyroxene (2.57 per cent), together with the
abundance of schorlomite and sphene, in-
dicates that the fenites are rich in Ti. Al-
though an evaluation of the chemical

©1951) and Oka,
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changes during fenitization must await
further work, it is concluded that fettt,
K, Ti, and P were introduced, and Si and
perhaps Na were removed. Although these
metasomatic rocks are similar to those sur-
rounding other alkaline complexes and
carbonatites, the abundant garnet at Rainy
Creek is atypical, being reported previously
only at Alng (von Eckermann, 1948) and
Semarule, Bechuanaland (Xing and Suther-
land, 1960). Furthermore, the abundant
introduction of K and removal of Na,
although noted at Alnd, is uncommon. The
K has been added only in small amounts at
many areas and has-even been removed at
Spitzkop, Transvaal (Strauss and Truter,
Quebec (Gold, 1964).
Saether (1957) reports that the ratio of
Na: XK in fenites is a function of the composi-
tion of the invaded host rock, but this does
not appear to be true in all cases. For ex-
ample, Garson (1962, p. 51) writes that
“The end product of fenitization at Tundulu
[Malawi] is essentially the same whatever
the original composition of the rock.”
Dawson (1964, p. 111) states that the pres-
ence or absence of quartz in the host will
influence the nature of the fenitization, but
this will not explain the differences at, for
example, Alné and Spitzkop where in both
cases the invaded rock is quartzo-feldspath-
ic. Part of the differences in the ratio of
K:Na may perhaps be explained by the
findings of Orville (1963) that the composi-
tion of a vapor phase coexisting with two
feldspars is a function of temperature and
Ca content of the feldspars.

The least known and most important
aspect of fenitization is the source of the
fenitizing ions. In the words of King and
Sutherland (1960, p. 521}, “A fenitised
envelope is present whether the complex
consists of silicate rocks only, silicate rocks
and carbonatites, or carbonatites alone. The
source of the fenitising agencies is thus prob-
lematic.” More recently, Dawson (1964, p.
107-108) has presented strong evidence in
support of his conclusion that “carbonate
bodies themselves are the source of the
fenitisation ions.” On the basis of the results

of investigations at similar complexes, the
present writer suggests that the fenitizing
fluids at Rainy Creek did not emanate from
any of the exposed rocks, and this is re-
garded as the best evidence for the existence
of carbonatite or alkaline rocks, such as
ijolite at depth.

CONCLUSIONS

Surface exposures of the Rainy Creek
district are considered to represent the up-
per part of the igneous complex; volcanic
activity may or may not have been present
at former higher levels. The similarities of
this complex to other alkaline centers,
particularly those associated with carbona-
tite, together with the presence of fenite,
suggest that carbonatite, alkaline rocks, or
both exist at depth. Further evidence for
this suggestion may derive from the work
of Temple and Grogan (1965) at Iron Hill,
Colorado. They suggest that vertical move-
ment along a major fault exposed rocks
of lower levels that include carbonatite,
uncompahgrite, and garnetiferous ijolite,
whereas those in the upper levels include
biotite-rich and feldspar-bearing pyroxe-
nites, magnetite-perovskite rock (including
pyroxenites), and garnet-poor ijolite. All of
the pyroxenites have similar counterparts
at Rainy Creek.

The assumption that nepheline syenites
are indicative of nearby carbonatite is wide-
spread in the literature. However, Smith
(1956, p. 208) concluded that pyroxenite
and ijolite, not nepheline syenite, are the
rocks ‘“most commonly associated with
carbonatites.” Similarly, Tomkeieff (1961,
p. 747) states that “in respect of the finding
of carbonatite deposits, the most important
criterion will be the presence of nepheline-
pyroxene rocks of metasomatic origin, as-
sociated with pyroxenites and peridotites.”

Although the Rainy Creek complex ap-
pears to contain less titania and much more
phosphate than similar bodies, this in part
may be only a reflection of the erosional
level and outcrop pattern. The phosphate is
concentrated mostly in the magnetite py-
roxenite, in accord with the observation of



Coittain both biotite pyrox-
ohdtite,; phosphorous is con-
an ! intermediate rock type
blOtlte magnetlte apmtlte

&5, trachytes, pegmatltes and
ites at Rainy Creek and may be
ant it depth. Furthermore, the
M%.lh‘é*of the Rainy Creek rocks ap-
bt 5& higher than in many similar
v i i'but Moore (1962), in a study of
Shigndous - rocks of the western
. siiggested that this ratio is
Hon of geographic location than
ernal processes, '
'eshgators have proposed that
of ‘chirbohated alkali peridotite
Siitherland, 1960) is the pnmary
i «-)f' y alka‘hne-ultramaﬁc rock associa-
it ’expenments on the melting of
tites 4t pressiires greater than 15 kb.
Ad ngwood 1964), the prlmary

of cntlcally undersaturated dlkali basalts or,

; Vhs predicted by Holmes and Harwood ( 1932)

afid’ Powers (1935), early separation of hy-

: persthene could impoverish the residual

'melt in silica. Tilley and Yoder (1964)

i ﬂtlestlon whether excessive amounts of
,Q'orthopymxene could remain without ac-

“companying amounts of clinopyroxene; they
' nevertheless conclide that extraction of
pyroxenes leads to undersaturation. If con-
tmued melting to higher temperaturés puts
pyroxene into the melt, it may precipitate

, ja.s € melt cools during the rise toward the

;nsurface, again producing undersaturdted

melts. Crystal settling could occasion sepa-
ation of crystals, particularly in view of the
fact that alkaline complexes are restricted

uto !the stable platforms and shield areas.

?Durmg rapid rise of a magma, as might be
EXpected under orogenic conditions, crystal-
,hz'ttlon would occur at higher levels and
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lower pressures where olivine might be the
primary phase and the residual melt would
not be undersaturated. Reay and Harris
(1964) have demonstrated that partial fu-
sion of peridotite at low pressure (1 atm.)
produces a melt with normative hypersthene
or hypersthene plus quartz. Because of the
large melting interval of alkali basalts at
high fx,0 (Yoder and Tilley, 1962, p. 452),
O’Hara (1965) suggested that the melting of
natural peridotite would yield silica-rich
liquids. However, the experimental work of
Hamilton et al. (1964) demonstrated that
fo, in a mafic magma greatly affects the
melting interval and order of crystallization.
Turther work with buffered charges may
strengthen the possibility that partial fusion
of peridotites may produce melts capable of
precipitating alkaline-ultramafic rocks. Such
experiments will be of particular importance
if the parent magma is carbonated.
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